In extension to known concepts of wavelength-multiplexing diode laser arrays, a new external cavity is presented. The setup simultaneously improves the beam quality of each single emitter of a standard 25 emitter broad-area stripe laser bar and spectrally superimposes the 25 beams into one. By using this external resonator in an "off-axis" arrangement, beam qualities of M slow 2 Ͻ 14 and M fast 2 Ͻ 3 with optical powers in excess of 10 W in cw operation are obtained.
Introduction
Modern applications in material processing and nonlinear optics demand high-power laser sources with narrow bandwith and good beam quality, at best coupled into a single-mode fiber. Semiconductor lasers and, in particular, broad-area laser diodes can provide high optical power in combination with high wall plug efficiency. Power scaling is mostly managed by enlarging the emitting area or by combining multiple single laser elements in arrays or stacks. This, however, usually comes at the expense of a decrease in beam quality, mostly in the slow axis, while the beam in the fast axis usually remains nearly diffraction limited, leading to a strong astigmatic beam.
One approach to bypass this drawback is the use of an external cavity for frequency narrowing and beam shaping. [1] [2] [3] Another approach is the coupling of the emissions of all the single elements of an array or stack of diode lasers. Many different coupling techniques have been published, including injection locking 4 as well as Talbot cavities. 5 In one solution presented by Daneu et al., 6 the beam quality is improved by frequency broadening the light of a laser bar using a grating for spectral beam combining. This type of wavelength multiplexing was applied to fiber lasers 7, 8 and recently also to a new kind of ridge laser, the so-called SCOWL (slab-coupled optical waveguide laser) structure. 9 In this paper a new external cavity for a laser bar consisting of 25 single broad-area laser elements is presented to obtain high power in continuous-wave (cw) operation. The concept of wavelength multiplexing is extended with a V-shaped setup. In addition to a 50-fold improvement from spectral beam combining, a fivefold beam-quality improvement of each emitter is obtained. This results in a 250-fold improvement of the slow-axis beam quality compared to the freely running laser bar.
Experimental Setup
The design shown in Fig. 1 consists of the following components: an aspherical cylindrical lens (FAC), a cylindrical lens ͑f ϭ 200 mm͒ in the slow axis, two identical diffraction gratings (g ϭ 1800 grooves/mm), a high-reflective mirror, a rectangular aperture, and two rectangular prisms. The laser bar consists of 25 emitters of 200 m width with a pitch of 400 m. Each single emitter provides a slow-axis beam quality of M slow 2 Ϸ 60, resulting in an M slow 2 Ϸ 3000 for the whole array. To be operated in an external resonator, its front facet is very well antireflection coated.
In previous investigations 2,3 with single emitters it is shown that the beam quality of stripe array lasers can be drastically improved by using a V-shaped resonator. This can be understood as follows: the electrode is substructured with a pitch of 10 m. Investigations of this substructure have shown that each contact stripe forms a nearly single Gaussian mode. A strong antiphase coupling between these modes was observed. This leads to a preferred emis-sion angle given by a simple interference pattern:
ϭ ͞d, with d denoting the pitch of the contact stripes.
Here a V-shaped resonator is designed to match the emission properties of a laser bar. The resonator is separated into a feedback branch and an outcoupling branch. It consists of one grating and one mirror each in a one-to-one imaging telescope ( Fig. 1) in the slow axis.
Light emitted by different laser elements is diffracted by the feedback grating and forms a common beam. This results in 25 coinciding beams with different wavelengths passing through the slit aperture. Thus the emission of each laser element is frequency stabilized, linewidth narrowed, and wavelength separated. The combination of aperture position and mirror alignment defines the reference beam path.
As mentioned before, inside each emitter, pumped and unpumped areas alternate. This leads to an alternation of refractive indices and to an induced phase grating. Because of the phase grating, a fraction of the incident light under the angle ϩ will be diffracted back along ϩ, while the rest is reflected toward the angle Ϫ.
On the outcoupling side the 25 parallel beams pass the slow-axis lens again and hit the second grating under their wavelength-matching angles. This leads to an overlay of all 25 beams into one outcoupling beam after reflection at the outcoupling grating.
The setup used of both gratings is similar to the known Littrow configuration. The gratings are slightly tilted in the "fast-axis" direction, so that the reflected beam propagates above or below the incident beam. In that case it is possible to deflect the reflected beams by the use of prisms or mirrors. Thus only one lens for the "slow axis" is needed for a complete 1:1 telescope from the laser bar to the feedback mirror. The main limiting factor concerning beamquality improvement here is the Littrow angle of the grating, so that the optical path length is different for each emitter. Additionally the overall aperture width (1 cm on the facet) and the slow-axis divergence lead to cutoff effects on the slow-axis lens and make aberrations an issue, especially for the outer emitters.
Experimental Results
First, the spectral behavior of the resonator was investigated. The spectral width is given by the grating equation: ϩ ⌬ ϭ ͑1͞g͓͒sin ␣ L ϩ sin͑␣ L ϩ ␤͔͒ with the Littrow angle ␣ L ϭ arcsin͑½ g͒ and sin ␤ ϭ b͞f given by the focal length f of the "slow-axis" lens and the width of the laser emitter b or the width of the laser bar B, respectively. This leads to a bandwidth of
For the given values b ϭ 200 m, ϭ 940 nm, f ϭ 200 mm, and g ϭ 1800͞mm, we obtain ⌬ emitter ϭ 0.5 nm for a single emitter and with B ϭ 10 mm, ⌬ array ϭ 14.2 nm for the laser bar. Since the width and the pitch of each emitter is very precisely determined owing to the epitaxial fabrication process, one would expect 25 equidistant spectral peaks with a FWHM of 0.5 nm each and a resulting bandwidth of 14.2 nm. Figure 2 shows the measured spectrum on the outcoupling side at 40 A pump current and 8 W total output power of the bar; 23 of the 25 emitters are spectrally resolved, and the spectral broadness of 14 nm matches the calculations. The two outermost emitters do not participate in lasing, probably because they are cut off at the slow-axis lens. The spectra of the single emitter also show a width (FWHM) of 0.5 nm, which corresponds to the predicted value.
More than 10 W total output power in cw operation with beam propagation factors of M slow 2 Ͻ 14 in the slow axis and M fast 2 Ͻ 3 in the fast axis could be obtained for all five investigated laser bars. Figure 3 shows the caustic at 9.5 W yielding an M slow 2 ϭ 12, which represents the best brightness of 0.8 W͞M slow 2 .
Because of the limiting factors described above, we could not reach the values for the single emitter that were presented in Refs. 2 and 3, but it was possible to manage an increase in slow-axis beam quality by the factor of 250 compared to the free-running laser bar.
Within the spread of our sample we did not observe a decrease of output power with larger bending ("smile") of the laser bar. As shown in Fig. 4 , all five investigated laser bars provide approximately the same output power. Laser bar 1 even showed the highest output power, despite the fact that the "smile" was twice as high ͑1.3 m peak to peak deviation) compared to laser bar 3 ͑0.65 m deviation).
Discussion and Outlook
A new V-shaped resonator known in principle from single emitters was built for the spectral beam combining of the emission of the 25 emitters of a bar. The resonator yields a total output power of more than 10 W in cw operation with improved beam quality. A beam propagation factor of M fast 2 Ͻ 3 in the fast axis and M slow 2 Ͻ 14 in the slow axis in all cases was measured. This improvement is made by a trade-off in bandwidth that was increased by a factor of about 14. Further, it should be pointed out that common diffraction gratings were used and that the damage threshold and diffraction efficiency of these commercial gratings were the most limiting factors in the setup, and thus with custom-made gratings or by using of transmission gratings, higher power ranges should be possible. Furthermore, a higher-aperture lens in the slow axis could manage the cutoff effects so that all emitters should participate on the laser emission. Fig. 3 . Caustic of the slow-axis beam. The hyperbolic fit (second moment) yields M slow 2 ϭ 12 at a total output power of 9.5 W. 
